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SLURRY T R A N S P O R T  P R O P E R T I E S  OF GRADED CO AL WASTE
By R. W. McKibbin, 1 R. R. Backer, 2 and R. A. B us ch3
ABSTRACT
T he  B u r e a u  o f  M i n e s  c o n d u c t e d  l a b o r a t o r y  t e s t s  t o  d e t e r m i n e  t h e  s l u r ­
r y  t r a n s p o r t  a n d  d e p o s i t i o n  p r o p e r t i e s  o f  c o a l  w a s t e .  A 1 8 8 . 5 - f t  p i p e  
t e s t  l o o p  w as  c o n s t r u c t e d  w i t h  i n s t r u m e n t s  t o  m e a s u r e  d e n s i t y ,  f l o w ,  
a n d  p o w e r  a n d  d i s c h a r g e ,  s u c t i o n ,  a n d  d i f f e r e n t i a l  p r e s s u r e s -  A 2 0 - t o n  
s a m p l e  o f  W e s t e r n  c o a l  w a s t e  w a s  c r u s h e d  a n d  s c r e e n e d  t o  100  p e t  m i n u s  
1 / 2  i n .  E i g h t  l o o p  t e s t s  u s i n g  t h i s  g r a d e d  w a s t e  w e r e  r u n  a t  s l u r r y  
d e n s i t i e s  r a n g i n g  f r o m  1 . 1 5  ( 2 5  w t - p c t  s o l i d s )  t o  1 , 4 6  ( 6 0  w t - p c t  s o l ­
i d s ) »  The  r e s u l t a n t  f r i c t i o n - p r e s s u r e  g r a d i e n t s  r a n g e d  f r o m  0« 06  t o  
0 >24 f t  o f  w a t e r  p e r  f o o t  o f  4 - i n  s t a n d a r d  s t e e l  p i p e *  P a r t i c l e - s i z e
d e g r a d a t i o n  was  s i g n i f i c a n t .  I n  a  t y p i c a l  l o o p  t e s t  l a s t i n g  25 m i n ,
t h e  m i n u s  2 0 0 - m e s h  f r a c t i o n  i n c r e a s e d  f r o m  19 p e t  t o  34 p e t .  D e p o s i ­
t i o n  t e s t s  s h o w e d  t h a t  w i t h o u t  t h e  u s e  o f  a  f l o c c u l a n t ,  t h e  s l u r r i e s
w o u l d  n o t  d e w a t e r  w h e n  l e f t  t o  s t a n d  f o r  1 w e e k .  W i t h  f l o c c u l a n t ,  a d ­
d i t i o n a l  w a t e r  w a s  r e l e a s e d ;  h o w e v e r ,  t h e  s e t t l e d  s l u r r i e s  r e m a i n e d  
t h i x o t r o p i c .  F u r t h e r  t e s t i n g  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e i r  s u i t a b i l ­
i t y  f o r  u s e  a s  b a c k f i l l  m a t e r i a l  i n  a c t i v e  m i n e s .
1 M i n i n g  e n g i n e e r .
S u p e r v i s o r y  m i n i n g  e n g i n e e r .
■^Resea rch  c i v i l  e n g i n e e r .
S p o k a n e  R e s e a r c h  C e n t e r ,  B u r e a u  o f  M i n e s ,  S p o k a n e ,  WA„
I N T R O D U C T I O N
The b a s i c  n a t u r e  o f  t h e  e n e r g y  p r o b l e m  
i n  t h e  U n i t e d  S t a t e s  i s  u n d u e  d e p e n d e n c e  
o n  i m p o r t e d  o i l .  One a p p r o a c h  t o  r e d u c ­
i n g  t h i s  d e p e n d e n c e  i s  u t i l i z a t i o n  o f  
U . S .  c o a l  r e s e r v e s ,  now s e t  a t  a b o u t  228  
b i l l i o n  t o n s  o r  29 p e t  o f  t h e  w o r l d  t o ­
t a l .  I n  1 9 8 0 ,  U . S .  m i n e r s  p r o d u c e d  832 
m i l l i o n  t o n s  o f  c o a l ,  41 p e t  f r o m  u n d e r ­
g r o u n d  m i n e s  f o u n d  m o s t l y  e a s t  o f  t h e  
M i s s i s s i p p i  a n d  t h e  r e m a i n d e r  f r o m  s u r ­
f a c e  m i n e s .  I t  i s  e s t i m a t e d  t h a t  o v e r  
1 . 4  b i l l i o n  t o n s  w i l l  b e  p r o d u c e d  by t h e  
y e a r  1990 ( 9 )  , 4
F i f t y  y e a r s  a g o ,  t h e  b e n e f i c a t i o n  o f  
r a w  c o a l  was  g e n e r a l l y  a  s i m p l e  a n d  c h e a p  
p r o c e s s .  H a n d - l o a d i n g  p r o d u c e d  a  c o a r s e  
p r o d u c t  r e l a t i v e l y  f r e e  o f  i m p u r i t i e s  a n d  
s u i t a b l e  f o r  c o n s u m p t i o n  w i t h o u t  f u r t h e r  
b e n e f i c a t i o n .  H o w e v e r ,  w i t h  t h e  a d v e n t  
o f  c o n v e n t i o n a l  m i n i n g  a n d ,  l a t e r ,  c o n ­
t i n u o u s  m i n i n g ,  i n c r e a s e d  a m o u n t s  o f  e x ­
t r a n e o u s  m a t e r i a l — c o a l  w a s t e s — a r e  b e i n g  
e x t r a c t e d  a l o n g  w i t h  t h e  c o a l .  B e c a u s e  
o f  e n v i r o n m e n t a l  r e g u l a t i o n s  r e q u i r i n g  
c l e a n  c o a l ,  o p e r a t o r s  a r e  f a c i n g  a  g r o w ­
i n g  v o l u m e  o f  w a s t e s  p r o d u c e d  i n  c l e a n i n g  
o p e r a t i o n s .  A p p r o x i m a t e l y  28 p e t  o f  t h e  
m a t e r i a l  e x t r a c t e d  f r o m  u n d e r g r o u n d  c o a l  
m i n e s  i n  t h e  U n i t e d  S t a t e s  i s  r e j e c t e d  a s  
c o a l  w a s t e .
The  m o s t  common d i s p o s a l  m e t h o d  i s  s u r ­
f a c e  i m p o u n d m e n t ,  i f  s p a c e  i s  a v a i l a b l e .  
T r a d i t i o n a l l y ,  dams w e r e  b u i l t  o f  c o a r s e  
w a s t e ,  a n d  f i n e  w a s t e  was  pumped b e h i n d  
t h e  dam a t  v e r y  lo w  o p e r a t i n g  c o s t s ;  b u t  
r e c e n t  e v a l u a t i o n s  h a v e  i n d i c a t e d  t h a t  
many s u c h  s t r u c t u r e s  c o u l d  b e  c r i t i c a l l y  
u n s a f e  d u r i n g  p e r i o d s  o f  h e a v y  r a i n s .  As 
a  c o n s e q u e n c e ,  S t a t e  a n d  F e d e r a l  r e g u l a ­
t i o n s  now g o v e r n  t h e  c o n s t r u c t i o n  and  
a b a n d o n m e n t  o f  i m p o u n d m e n t s ,  a n d  f o u n d a ­
t i o n  a n d  r e c l a m a t i o n  r e q u i r e m e n t s  a r e  
s t r i c t .  The r e s u l t i n g  e x p e n s e  a s s o c i a t e d  
w i t h  s u b s u r f a c e  d r a i n a g e  s y s t e m s ,  e l a b o ­
r a t e  s p i l l w a y s ,  m o n i t o r i n g  e q u i p m e n t ,  
e t c .  h a s  d r i v e n  t h e  a v e r a g e  c o s t  ( 1 9 8 2 )
^ U n d e r l i n e d  n u m b e r s  i n  p a r e n t h e s e s  r e ­
f e r  t o  i t e m s  i n  t h e  l i s t  o f  r e f e r e n c e s  
p r e c e d i n g  t h e  a p p e n d i x e s .
o f  i m p o u n d m e n t s  t o  o v e r  $ 3 . 0 0  p e r  t o n  o f  
w a s t e  d i s p o s e d *
F a c e d  w i t h  t h e s e  h i g h e r  d i s p o s a l  c o s t s ,  
o p e r a t o r s  a r e  now l o o k i n g  f o r  a l t e r n a t i v e  
c o a l  w a s t e  d i s p o s a l  m e t h o d s .  One m e t h o d  
b e i n g  e x a m i n e d  i s  b a c k f i l l i n g  i n  a c t i v e  
u n d e r g r o u n d  m i n e s .  I n  t h e  p a s t ,  u n d e r ­
g r o u n d  d i s p o s a l  h a s  b e e n  u s e d  i n  t h e  a n ­
t h r a c i t e  r e g i o n  o f  P e n n s y l v a n i a  t o  c o n ­
t r o l  m i n e  f i r e s  a n d  s u r f a c e  s u b s i d e n c e .  
The E u r o p e a n s  a n d  S o v i e t s  a l s o  u s e  t h e  
c o n c e p t  o f  b a c k f i l l i n g ,  p a r t i c u l a r l y  f o r  
t h i c k ,  d e e p ,  s t e e p ,  o r  m u l t i p l e  s e a m s ,  
a n d  f o r  w o r k i n g  u n d e r  c i t i e s  a n d  u r b a n ­
i z e d  a r e a s  (_5) .  I n  t h e  U n i t e d  S t a t e s ,  
t h e  p r a c t i c e  o f  b a c k f i l l i n g  c o a l  w a s t e s  
i n  a c t i v e  c o a l  m i n e s  h a s  l o n g  b e e n  i g ­
n o r e d  f o r  e c o n o m i c  r e a s o n s .  As l o n g  a s  
i t  i s  s i g n i f i c a n t l y  c h e a p e r  t o  d i s p o s e  o f  
m i n e  w a s t e s  o n  t h e  s u r f a c e ,  t h e r e  w i l l  be  
l i t t l e  i n c e n t i v e  f o r  t h e  m i n e  o p e r a t o r  t o  
r e t u r n  c o a l  w a s t e s  u n d e r g r o u n d .  H o w e v e r ,  
c o n d i t i o n s  a r e  c h a n g i n g .  I n  l i g h t  o f  t h e  
t r e n d  t o w a r d  i n c r e a s i n g  r e g u l a t o r y  r e ­
s t r a i n t s ,  s h o r t a g e  o f  s u i t a b l e  t e r r a i n  
f o r  c o n s t r u c t i n g  i m p o u n d m e n t s ,  a n d  t h e  
p r o j e c t e d  demand f o r  i n c r e a s e d  c o a l  p r o ­
d u c t i o n ,  t h e  e c o n o m i c  f e a s i b i l i t y  o f  u n ­
d e r g r o u n d  d i s p o s a l  o f  c o a l  m i n i n g  w a s t e s  
i s  l i k e l y  t o  i n c r e a s e .
The  B u r e a u  o f  M i n e s  h a s  b e e n  a c t i v e  i n  
m i n e  w a s t e  d i s p o s a l  r e s e a r c h  f o r  o v e r  20 
y e a r s .  The g e n e r a l  o v e r a l l  g o a l s  o f  t h i s  
r e s e a r c h  a r e  ( 1 ) t o  d e f i n e  a n d  a s s e s s  t h e  
m a j o r  s t r u c t u r a l  s t a b i l i t y  and  e n v i r o n ­
m e n t a l  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  d i s ­
p o s a l  o f  m i n e  a n d  m i l l  w a s t e s  f o r  v a r i o u s  
c o m m o d i t i e s ,  ( 2 ) t o  d e s i g n  a n d  d e v e l o p  
c o n t r o l  t e c h n i q u e s  a d d r e s s i n g  t h e s e  p r o b ­
l e m s  a n d  p r o m o t e  t h e i r  i n c o r p o r a t i o n  i n t o  
i n d u s t r y  p r a c t i c e ,  an d  ( 3 )  t o  d e v e l o p  a l ­
t e r n a t i v e  d i s p o s a l  p r a c t i c e s  p r o m o t i n g  
e f f e c t i v e  l a n d  u s e  a n d  w a s t e  u t i l i z a t i o n .  
As p a r t  o f  i t s  p r o g r a m  i n  m i n e  w a s t e  d i s ­
p o s a l  t e c h n o l o g y  ( 8 ) ,  t h e  B u r e a u  i n i ­
t i a t e d  p r o j e c t s  t o  e x a m i n e  t h e  f e a s i b i l ­
i t y  o f  u s i n g  c o a l  w a s t e  a s  m i n e  b a c k f i l l  
m a t e r i a l .  One o f  t h e s e  p r o j e c t s ,  s e e k i n g  
a n  i m p r o v e d  h y d r a u l i c  m e t h o d  f o r  c o a l
3
w a s t e  d i s p o s a i ,  i n v e s t i g a t e d  t h e  s l u r r y  c o a l  w a s t e .  The r e s u l t s  a r e  r e p o r t e d
t r a n s p o r t  a n d  d e p o s i t i o n  p r o p e r t i e s  o f  h e r e ,
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DESIGN
A p i p e  t e s t  l o o p  may b e  d e f i n e d  a s  a 
s h o r t ,  c l o s e d - c i r c u i t  p i p e l i n e ,  w i t h  i n ­
s t r u m e n t a t i o n  a n d  c o n t r o l s ;  Su ch  t e s t  
l o o p s  a r e  e s s e n t i a l  f o r  g e n e r a t i n g  t h e  
e n g i n e e r i n g  d a t a  n e e d e d  f o r  a  f u l l - s c a l e  
p i p e l i n e  d e s i g n . ,  P r e s s u r e  l o s s  p e r  u n i t  
l e n g t h  o f  p i p e ,  min imum o p e r a t i n g  v e l o c ­
i t y ,  s h u t d o w n  a n d  r e s t a r t  c a p a b i l i t i e s ,  
a n d  p o w e r  c o n s u m p t i o n  c a n  be  d e t e r m i n e d .
The  B u r e a u  o f  M i n e s  p i p e  t e s t  l o o p  
( f i g .  1) was  c o n c e i v e d  a s  a n  a p p a r a t u s
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FIGURE l .  - P ipe
: l o o p
f o r  t e s t i n g  t h e  f e a s i b i l i t y  o f  r e t u r n i n g  
s l u r r i e d  c o a l  w a s t e  u n d e r g r o u n d .  To t h i s  
e n d ,  i t  was  d e c i d e d  t h a t  t h e  pump and  
p i p e  s i z e  s h o u l d  be  a p p r o x i m a t e l y  t h e  
same a s  w o u l d  b e  u s e d  i n  a  c o m m e r c i a l  a p ­
p l i c a t i o n .  I n  1 9 7 5 ,  388 c o a l  c l e a n i n g
p l a n t s  p r o d u c e d  1 0 7 , 1 0 1 , 0 0 0  t o n s  o f  w a s t e  
( 1 0 ) .  A s s u m i n g  300 d a y s  o f  o p e r a t i o n  p e r  
y e a r ,  t h e  a v e r a g e  p l a n t  t h e n  p r o d u c e d  920 
t p d  o f  w a s t e .
S i n c e  o ne  o f  t h e  p r o j e c t  o b j e c t i v e s  was 
t o  d e t e r m i n e  t h e  o p t i m u m  s l u r r y  d e n s i t y  
a n d  g r a d a t i o n ,  t h e  p i p e  l o o p  h a d  t o  be
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loop s c h e m a t i c .
4
d e s i g n e d  f o r  a  w i d e  r a n g e  o f  d e n s i t i e s .  
I t  was  a s s u m e d  t h a t  c o a l  w a s t e  s l u r r i e s  
o f  f r o m  30 t o  70 w t - p c t  s o l i d s  m i g h t  be  
t e s t e d ,  a n d  t h a t  a  b a c k f i l l  o p e r a t i o n  
w o u l d  o p e r a t e  16 h r  p e r  d a y .  F o r  920 
t p d ,  t h e  f l o w  r a t e s  w o u l d  r a n g e  f r o m  200 
t o  600  gpm ( f i g , .  2 ) ,
A n o t h e r  p r o j e c t  c o n s i d e r a t i o n  was t h e  
c r i t i c a l  c a r r y i n g  v e l o c i t y  o f  t h e  s l u r ­
r i e s ,  w h i c h  c o u l d  r a n g e  f r o m  a b o u t  6 t o
10 f p s r  The  r e l a t i o n s h i p  b e t w e e n  f l o w  
a n d  v e l o c i t y  f o r  s e l e c t e d  p i p e  s i z e s  ( t a ­
b l e  1) s how s  t h a t  4 - i n  s t a n d a r d  s t e e l  
p i p e  g i v e s  t h e  p r o p e r  c o m b i n a t i o n s  o f  
c a r r y i n g  v e l o c i t y  a n d  q u a n t i t y  f o r  t h e  
r a n g e  o f  c o a l  w a s t e  s l u r r i e s  t o  b e  e n ­
c o u n t e r e d .  P i p e  l o o p  s p e c i f i c a t i o n s  w e r e  
t h u s  s e t  a s  f o l l o w s :  a b l e  t o  pump up  t o
6 0 0  gpm a t  u p  t o  70 w t - p c t  c o a l  w a s t e  
s o l i d s  ( s l u r r y  s p e c i f i c  g r a v i t y  = 1 . 5 4 )  
t o  a  maximum h e a d  o f  60 f t  t h r o u g h  a  4 - i n  
l i n e .
COMPONENTS
TABLE 1 -  F lo w  r a t e  v e r s u s  v e l o c i t y  f o r
v a r i o u s  s t a n d a r d  p i p e  s i z e s
Fl ow  r a t e ,  gpm V e l o c i t y ,  f p s
3 i n 4 i n 6 i n
8 . 7 0 5 . 0 3 2 . 2 4
1 3 . 0 5 7 . 5 4 3 . 3 6
4 0 0 ........................................ 1 7 . 4 0 1 0 . 0 5 4 . 4 8
2 1 . 7 5 1 2 . 5 7 5 . 6 0
6 0 0 ........................................ 2 6 . 1 0 1 5 . 0 8 6 . 7 2
2 5 0 - g a l  t a n k  ( f i g .  4)  e q u i p p e d  w i t h  p a d ­
d l e  m i x i n g  b l a d e s ,  pumps i t  t h r o u g h  1 8 8 . 5  
f t  ( s e e  a p p e n d i x  A) o f  s t a n d a r d  4 - i n  
p i p e ,  a n d  t h a n  d i s c h a r g e s  i t  b a c k  i n t o  
t h e  m i x i n g  t a n k .  The  p r i n c i p a l  f l o w -  
c o n t r o l  d e v i c e  i s  a  C l a r k s o n  S e r i e s  C5 
p i n c h  v a l v e  l o c a t e d  j u s t  a h e a d  o f  t h e  
d i s c h a r g e  i n t o  t h e  t a n k .  T h i s  v a l v e  
( f i g .  5)  c o n t a i n s  a  r u b b e r  s l e e v e  com­
p r e s s e d  by h y d r a u l i c  f l u i d ,  s o  t h a t  i t  
a l w a y s  m a i n t a i n s  a  r o u n d  a n d  p e r f e c t l y  
c e n t e r e d  a p e r t u r e .  T h i s  t y p e  o f  v a l v e  i s  
e s s e n t i a l  f o r  v e l o c i t y  c o n t r o l  o f  s l u r ­
r i e s  c o n t a i n i n g  l a r g e  p a r t i c l e s . ,
The  pump s e l e c t e d  f o r  t h i s  a p p l i c a t i o n  
i s  a  c a s t - i r o n  c e n t r i f u g a l ,  e q u i p p e d  w i t h  
a  v a r i a b l e - s p e e d  ( 5 4 7 -  t o  l ; 0 9 4 - r p m )  b e l t  
d r i v e  a n d  1 5 - h p  e l e c t r i c  m o t o r  ( f i g .  3 ) .  
Th e  s l u r r y  pump d r a w s  m a t e r i a l  f r o m  a
COAL WASTE SOLIDS, w t - p c t
FIGURE 2, - Coal-waste mass-flow relationship. 
(Assume coal waste dry specific gravity = 2.10.)
Pump a n d  p i p e  l o o p  p e r f o r m a n c e  i s  m o n i ­
t o r e d  c o n t i n u o u s l y  by m e a n s  o f  s i x  m a i n  
i n s t r u m e n t s .  F l ow  a n d  s p e c i f i c  g r a v i t y  
a r e  m e a s u r e d  w i t h  a  m a g n e t i c  f l o w m e t e r  
a n d  a  n u c l e a r  d e n s i m e t e r  ( f i g , .  6 ) i n ­
s t a l l e d  i n  a  v e r t i c a l  s e c t i o n .  C o m b i n i n g  
d a t a  f r o m  t h e s e  two d e v i c e s  y i e l d s  t h e  
m a s s - f l o w  r a t e „  Fump s u c t i o n  a n d  d i s ­
c h a r g e  p r e s s u r e s  a n d  p i p e l i n e  d i f f e r ­
e n t i a l  p r e s s u r e  a r e  m e a s u r e d  t h r o u g h  p i e ­
z o m e t e r s  i n  t h e  p i p e  ( f i g .  7 ) .  The p r e s ­
s u r e  f r o m  t h e  p i e z o m e t e r s  i s  t r a n s m i t t e d  
t o  b e l l o w s - t y p e  e l e c t r o n i c  p r e s s u r e  
t r a n s m i t t e r s  ( f i g . .  8 ) v i a  n y l o n  t u b i n g .  
G a u g e s  a n d  a  m a n o m e t e r  s e r v e  a s  b a c k u p  
a n d  c a l i b r a t i o n  d e v i c e s  f o r  t h e  p r e s s u r e  
t r a n s m i t t e r s .  The pump m o t o r  p o w e r  c o n ­
s u m p t i o n  i s  m e a s u r e d  b y  a  w a t t  t r a n s ­
d u c e r .  A l l  s i x  o f  t h e s e  i n s t r u m e n t s -  g e n ­
e r a t e  s i g n a l s  t h a t  a r e  f e d  t o  a  b a n k  o f  
c h a r t  r e c o r d e r s ,  t h u s  p r o v i d i n g  a  c o n t i n ­
u o u s  a n d  p e r m a n e n t  r e c o r d  o f  e a c h  p i p e  
l o o p  t e s t .
^ R e f e r e n c e  t o  s p e c i f i c  e q u i p m e n t ,  t r a d e  
n a m e s ,  o r  m a n u f a c t u r e r s  d o e s  n o t  i m p l y  
e n d o r s e m e n t  by  t h e  B u r e a u  o f  M i n e s .
FIGURE 3. - Slurry pump wi th va r ia b le  sp e e d  drive.
A d d i t i o n a l  c o m p o n e n t s  i n c l u d e  v a r i o u s  
d r a i n  a n d  d i s c h a r g e  v a l v e s ,  a i r  b l e e d  
v a l v e s ,  s l u r r y - p u m p  d i g i t a l  t a c h o m e t e r ,  
d i g i t a l  t h e r m o m e t e r  i n  t h e  h o l d i n g  t a n k ,  
a n d  a  h i g h - p r e s s u r e  b o o s t  pump- The
b o o s t  pump s u p p l i e s  m u n i c i p a l  w a t e r  t o  
t h e  p a c k i n g  g l a n d  o f  t h e  s l u r r y  pump and  
t o  t h e  p i e z o m e t e r  l i n e s  when  f l u s h i n g  o u t  
s e d i m e n t .
SAMPLE DESCRIPTION
The  P o w d e r h o r n  C o a l  C o . ' s  R o a d s i d e
P r e p a r a t i o n  P l a n t  p r o d u c e s  a b o u t  2 , 0 0 0  
t p d  o f  c o a l  w a s t e .  The  w a s t e  i s  t r a n s ­
f e r r e d  f r o m  t h e  p l a n t  by b e l t  c o n v e y o r  
t o  a  s u r g e  p i l e  w h e r e  i t  i s  l o a d e d  by a 
f r o n t - e n d  l o a d e r  i n t o  t r u c k s  e n d  t h e n
h a u l e d  t o  c he  d i s p o s a l  a r e a
I n  J u n e  1 9 8 1 ,  a  2 0 - t o n  b u l k  s a m p l e  o f  
R o a d s i d e  w a s t e  w as  c o l l e c t e d  f r o m  t h e  
s u r g e  p i l e  a n d  t r u c k e d  t o  t h e  B u r e a u ' s  
S p o k a n e  (.WA) R e s e a r c h  C e n t e r .  Upon a r ­
r i v a l  . t h e  m a t e r i a l  w a s  s p r e a d  o n  a  p a v e d  
a r e a  an d  was  p e r i o d i c a l l y  m i x e d  a n d  r e ­
s p r e a d  t o  a i d  d r y i n g .  The  w a s t e  was  t h e n
r e d u c e d  t o  100 p e t  m i n u s  1 /2  i n .  i n  a  
s m a l l  c r u s h i n g  a n d  s c r e e n i n g  p l a n t  ( f i g .  
9 )  a n d  p l a c e d  i n  s t e e l  d rum s f o r  s u b s e ­
q u e n t  t e s t s .  A f t e r  c r u s h i n g ,  g r a b  sam­
p l e s  w e r e  c o l l e c t e d  f r o m  e a c h  o f  t h e  
d r u m s .  T h e s e  w e r e  c o m b i n e d  a n d  r e s p l i t  
t o  p r o d u c e  o n e  s a m p l e  f o r  p h y s i c a l  p r o p ­
e r t y  t e s t i n g .
P h y s i c a l  p r o p e r t y  t e s t i n g  was  p e r f o r m e d  
u s i n g  t h e  f o l l o w i n g  p r o c e d u r e s :
1 .  S p e c i f i c  g r a v i t y  was  d e t e r m i n e d  a c ­
c o r d i n g  t o  ASTM S t a n d a r d  D 8 5 4 - 5 8  ( 1 ) .
6
FIGURE 4.  - Holding and mixing tank.  Flow-contro l  va lve  is at  left of t ank .
2 .  P a r t i c l e - s i z e  a n a l y s i s  was  p e r ­
f o r m e d  a c c o r d i n g  t o  ASTM S t a n d a r d  D 4 2 2 ­
6 3 ,  (2^).  The  m i n u s  2 0 0 - m e s h  f r a c t i o n  was 
t e s t e d  w i t h  a  p a r t i c l e - s i z e  a n a l y z e r ,  
o p e r a t i n g  on  t h e  p r i n c i p l e  o f  S t o k e s '  l a w  
a n d  u t i l i z i n g  X - r a y  a b s o r p t i o n .
T e s t  r e s u l t s  y i e l d e d  a n  a v e r a g e  s p e c i f ­
i c  g r a v i t y  o f  2 . 1 0  f o r  t h e  g r a d e d  w a s t e .
T h i s  v a l u e  i s  t y p i c a l  o f  W e s t e r n  c o a l  
w a s t e  m a t e r i a l s  ( 4 )  a n d  i s  u s e d  i n  a l l  
s u b s e q u e n t  c a l c u l a t i o n s .  The  p a r t i c l e -  
s i z e  a n a l y s i s  ( f i g .  10 ) i s  a l s o  t y p i c a l  
a n d  i s  u s e d  a s  a  b a s e  f o r  c o m p a r i n g  
p a r t i c l e - s i z e  d e g r a d a t i o n  d u r i n g  a n d  a f ­
t e r  t h e  p i p e  l o o p  t e s t s . ,
7
FIGURE 5. - F low-cont ro l  va lve.  
SLURRY TESTS
CALIBRATION PROCEDURE
P r i o r  t o  a n y  p i p e  l o o p  t e s t ,  t h e  o p e r ­
a t i o n  a n d  c a l i b r a t i o n  o f  e a c h  i n s t r u m e n t  
a r e  c h e c k e d  by r u n n i n g  a  s h o r t  t e s t  u s i n g  
m u n i c i p a l  w a t e r .  S i n c e  t h e  s y s t e m  i s  a l ­
w a y s  f l u s h e d  a n d  p u r g e d  a f t e r  a  l o o p  
t e s t ,  t h e  f i r s t  s t e p  i s  t o  f i l l  t h e  h o l d ­
i n g  t a n k  w i t h  w a t e r .  The  m a i n  pump i s  
t u r n e d  on  t o  f i l l  t h e  p i p e  l o o p  w i t h  wa­
t e r ,  a n d  a d d i t i o n a l  m a k e u p  w a t e r  i s  t h e n  
a d d e d  t o  t h e  t a n k  t o  f i l l  t h e  s y s t e m  t o  
i t s  3 5 0 - g a l  c a p a c i t y .
The  t h r e e - w a y  v a l v e s  ( f i g .  11) a r e  
t u r n e d  f r o m  p o s i t i o n  2 t o  p o s i t i o n  1 ,
w h i c h  a l l o w s  h i g h - p r e s s u r e  w a t e r  t o  f l u s h  
e n t r a p p e d  a i r  o r  s e d i m e n t s  f r o m  t h e  p i e ­
z o m e t e r  l i n e s .  At t h e  same t i m e ,  t h e  
g a u g e  b l e e d  v a l v e s  a r e  o p e n e d ,  t h u s  r e ­
t u r n i n g  t h e  g a u g e  a n d  p r e s s u r e  t r a n s m i t ­
t e r  r e a d i n g s  t o  t h e  a m b i e n t  a t m o s p h e r i c  
p r e s s u r e .  The  c h a r t  r e c o r d e r s  c a n  t h e n  
be  z e r o e d .  The  g a u g e  b l e e d  v a l v e s  a r e  
c l o s e d  a n d  t h e  t h r e e - w a y  v a l v e s  t u r n e d  
f r o m  p o s i t i o n  1 t o  p o s i t i o n  3 .  T h i s  
p l a c e s  t h e  g a u g e s  a n d  t r a n s m i t t e r s  o n ­
l i n e ,  a n d  t h e  c h a r t  r e c o r d e r  i n d i c a t i o n s  
a r e  c o m p a r e d  t o  t h e  r e s p e c t i v e  g a u g e s  o r  
m a n o m e t e r .
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FIGURE 6„ ■ Magnetic  f lowmeter  (bottom) and nuc lear  dens im e te r  (top)
Ci
FIGURE 7. * Di scha rg e  p r e s s u r e  p i ez om e te r s  (right) and se d im e n t  po t s  (left) .
The  d i g i t a l  t a c h o m e t e r  a n d  t h e r m o m e t e r  
a r e  c h e c k e d  by a h a n d h e l d  m e c h a n i c a l  
t a c h o m e t e r  a n d  m e r c u r y  t h e r m o m e t e r ,  and  
t h e  n u c l e a r  d e n s i m e t e r  c h a r t  r e c o r d e r  i s  
s e t  a t  1 . 0 0 0 .  F i n a l l y ,  t h e  m a i n  pump i s  
t u r n e d  o f f  a n d  t h e  w a t t m e t e r  a n d  f l o w m e ­
t e r  c h a r t  r e c o r d e r s  a r e  z e r o e d .
I n  o r d e r  t o  i n s u r e  t h e  q u a l i t y  o f  d a t a ,  
p e r i o d i c  m a i n t e n a n c e  c h e c k s  a r e  p e r ­
f o r m e d .  The f u l l - s c a l e  i n d i c a t i o n s ,  o r  
s p a n s ,  o f  t h e  v a r i o u s  i n s t r u m e n t s  a r e  
p e r i o d i c a l l y  c h e c k e d  a c c o r d i n g  t o  t h e  
f a c t o r y - p r e s c r i b e d  m a i n t e n a n c e  s c h e d u l e s .  
P r e s s u r e  t r a n s m i t t e r s  a r e  d i s c o n n e c t e d  
a n d  t h e n  c o m p a r e d  a g a i n s t  m a s t e r  t e s t  
g a u g e s .  The  f l o w m e t e r  i s  c h e c k e d  by m ea ­
s u r i n g  t h e  t i m e  r e q u i r e d  t o  pump a  known 
v o l u m e  o f  w a t e r .  The d e n s i m e t e r  a n d  
w a t t m e t e r  s p a n s  a r e  s e t  by f o l l o w i n g  
f a c t o r y - p r e s c r i b e d  p r o c e d u r e s .
LOOP TEST PROCEDURE
Loop t e s t s ,  u s i n g  t h e  g r a d e d  m i n u s  1 / 2 ­
i n  c o a l  w a s t e ,  w e r e  c o n d u c t e d  a t  e i g h t  
d i f f e r e n t  s l u r r y  d e n s i t i e s , .  As men­
t i o n e d ,  a  s h o r t  c a l i b r a t i o n  t e s t  u s i n g  
m u n i c i p a l  w a t e r  i s  r u n  b e f o r e  e a c h  s l u r r y  
t e s t .  T h i s  l e a v e s  b o t h  t h e  m i x i n g  t a n k  
a n d  p i p e  l o o p  f u l l  o f  w a t e r .  E x p e r i e n c e  
s h o w s  t h e  p r e f e r r e d  m e t h o d  f o r  m i x i n g  t h e  
s l u r r y  i s  t o  d r a w  o f f  t h e  r e q u i s i t e  
a m o u n t  o f  w a t e r ,  t u r n  t h e  pump o n ,  a nd  
g r a d u a l l y  a d d  t h e  s p e c i f i e d  a m o u n t  o f  diry 
w a s t e  ( f i g .  12 ) t o  t h e  r e m a i n i n g  c i r c u ­
l a t i n g  w a t e r .  The m a t r i x  f o r  t h e  e i g h t  
t e s t s  i s  g i v e n  i n  t a b l e  2 ,
The  f l o w - c o n t r o l  v a l v e  r e m a i n s  o p e n  
w h i l e  t h e  w a s t e  i s  a d d e d ,  a n d  t h e  t h r e e ­
way g a u g e  v a l v e s  a r e  i n  t h e  o f f  ( 2 )
1 0
FIGURE 8 . - El e c t ron ic  p r e s su re  t r ansm i t t e rs .
TABLE 2 .  -  S l u r r y  t e s t  m a t r i x
C o a l  w a s t e To make  350  g a l  o f  s l u r r y  -
s o l i d s , Dry  w e i g h t  o f Volume o f
w t - p c t s o l i d s , l b w a t e r ,  g a l
2 5 ......................... 840 302
3 0 ......................... 1 , 0 3 9 291
3 5 ......................... 1 , 2 5 1 278
4 0 ......................... 1 , 4 7 7 266
4 5 ......................... 1 , 7 1 8 252
5 0 ......................... 1 , 9 7 8 247
5 5 ......................... 2 , 2 5 6 231
6 0 ......................... 2 , 5 5 4 204
p o s i t i o n .  A l t h o u g h  a n  e x a c t  w e i g h t -  
p e r c e n t  s o l i d s  l e v e l  c a n n o t  be  a c h i e v e d ,  
a  g o o d  a p p r o x i m a t i o n  c a n  b e  o b t a i n e d  by 
p r e w e i g h i n g  t h e  d r i e d  w a s t e  a n d  c l o s e l y  
m o n i t o r i n g  t h e  n u c l e a r  d e n s i m e t e r  a s  t h e  
w a s t e  i s  a d d e d .  Once  t h e  d e s i r e d  w e i g h t - ­
p e r c e n t  s o l i d s  l e v e l  i s  r e a c h e d ,  t h e  ma­
t e r i a l  i s  a l l o w e d  t o  c i r c u l a t e  a t  f u l l
f l o w  u n t i l  t h e  d e n s i t y  r e a d i n g  s t a b i l i z e s  
( u s u a l l y  w i t h i n  2 m i n ) .
When t h e  d e n s i t y  s t a b i l i z e s ,  t h e  t h r e e ­
way v a l v e s  a r e  t u r n e d  t o  p o s i t i o n  1 f o r  
a b o u t  15 s e c  t o  i n s u r e  c l e a r  l i n e s ,  t h e n  
t o  p o s i t i o n  3 ( f i g .  13). .  W i t h  a l l  i n ­
s t r u m e n t s  now o n - l i n e ,  a  s e r i e s  o f  r e a d ­
i n g s  i s  t a k e n .  D i s c h a r g e ,  s u c t i o n . ,  a n d  
d i f f e r e n t i a l  p r e s s u r e s ,  f l o w ,  d e n s i t y ,  
a n d  p o w e r  a r e  c h a r t - r e c o r d e d 0 Pump r e v o ­
l u t i o n s  p e r  m i n u t e  a n d  s l u r r y  t e m p e r a ­
t u r e ,  a s  w e l l  a s  t h e  g a u g e  a n d  m a n o m e t e r  
r e a d i n g s ,  a r e  r e c o r d e d  m a n u a l l y .  The  
t h r e e - w a y  v a l v e s  a r e  t h e n  t u r n e d  o f f .
A f t e r  t h e  f i r s t  s e r i e s  o f  r e a d i n g s ,  t h e  
s l u r r y ' s  f l o w  i s  t h r o t t l e d  by  p a r t i a l l y  
c l o s i n g  t h e  f l o w - c o n t r o l  v a l v e ,  t h e  i n ­
s t r u m e n t s  a r e  a l l o w e d  t o  s t a b i l i z e  a g a i n ,  
a n d  t h e  r e a d i n g  p r o c e d u r e  i s  r e p e a t e d .  
I n  s u c h  a  m a n n e r ,  f r o m  8 t o  10 r e a d i n g s
1 1
FIGURE 9. - Crushing  and sc r e e n in g  p lant .
c a n  b e  o b t a i n e d  b e f o r e  t h e  c r i t i c a l  c a r -  
l y i n g  v e l o c i t y  i s  r e a c h e d ,  a s  e v i d e n c e d  
b y  a  r a p i d  d r o p  i n  t h e  s l u r r y  d e n s i t y .  
W i t h  a  f u r t h e r  r e d u c t i o n  i n  f l o w ,  t h e r e  
i s  a r i s k  t h a t  t h e  p i p e  l o o p ' s  v e r t i c a l  
s e c t i o n s  w i l l  b e c o m e  p l u g g e d ,  p a r t i c u l a r - '  
l y  w hen  p u m p i n g  s l u r r i e s  w i t h  o v e r  20 wt- 
p c t  s o l i d s .
Once  t h e s e  d a t a  a r e  r e c o r d e d ,  t h e  f l o w -  
c o n t r o l  v a l v e  i s  o p e n e d ,  a l l o w i n g  t h e  
s l u r r y  t o  r e t u r n  t o  f u l l  f l o w  c o n d i t i o n s «  
When t h e  i n s t r u m e n t s  h a v e  s t a b i l i z e d ,  a 
s a m p l e  o f  t h e  c i r c u l a t i n g  s l u r r y  i s  c o l ­
l e c t e d  f o r  g r a i n - s i z e  a n a l y s i s .  T h i s  
c o m p l e t e s  t h e  l o o p  t e s t , ,  The  a c t u a l  d a t a  
f o r  t h e  e i g h t  t e s t s  a n d  t h e  d a t a  f o i  a 
t y p i c a l  c l e a r  w a t e r  t e s t ,  a s  t a k e n  f r o m
t h e  c h a r t  r e c o r d i n g s , a r e  t a b u l a t e d  i n  
a p p e n d i x  B. I f  s e t t l i n g  t e s t s  a r e  t o  be 
r u n ,  t h e y  a r e  s t a r t e d  p r o m p t l y  i n  o r d e r  
t o  m i n i m i z e  p a r t i c l e - s i z e  d e g r a d a t i o n .
LOOP TEST RESULTS 
F i i c t i o n  L o s s
Fro m t h e  s t a n d p o i n t  o f  s c a l e u p  f o r  a n  
a c t u a l  u n d e r g r o u n d  b a c k f i l l  s y s t e m ,  d i f ­
f e r e n t i a l  p r e s s u r e  ( P d l f f )  a n d f l o w  a r e  
t h e  m o s t  i m p o r t a n t  d a t a  t o  b e  r e c o r d e d .  
From t h e s e ,  t h e  f r i c t i o n - p r e s s u r e  g r a d i ­
e n t  may be  d e t e r m i n e d .  T h i s ,  i n  t u r n ,  
a l l o w s  t h e  e n g i n e e r  t o  p r o j e c t  pump a nd  
p o w e r  r e q u i r e m e n t s  f o r  t h e  f u l l - s c a l e  
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FIGURE 10. " P a r t i c l e - s i z e  d i s t r i b u t io n ,  graded w a s te .
0.00 1
D i f f e r e n t i a l  p r e s s u r e  i s  m e a s u r e d  by 
two p i e z o m e t e r s  l o c a t e d  50= 48  f t  a p a r t  
i n  a  s t r a i g h t  a n d  l e v e l  s e c t i o n  o f  t h e  
p i p e  l o o p .  The p i e z o m e t e r s  a r e  p r e c e d e d  
a n d  f o l l o w e d  by  a t  l e a s t  6 f t  m o r e  o f  
s t r a i g h t  p i p e ; i n  o r d e r  t o  m i n i m i z e  a n y  
e f f e c t s  o n  t h e  s l u r r y ’ s  f l o w  by e l b o w s  o r
o t h e r  r e s t r i c t i o n s .  S i n c e  t h e  c o n v e n ­
t i o n a l  u n i t s  f o r  f r i c t i o n - p r e s s u r e  g r a d i ­
e n t  ( Hf )  a r e  f e e t  o f  w a t e r  p e r  f o o t  o f  
p i p e ,  t h e  c h a r t  r e c o r d e r  i n d i c a t i o n  
( P d t f f )  i n  p o u n d s  p e r  s q u a r e  i n c h  i s  c o n ­
v e r t e d  a c c o r d i n g  to ' :
1
)
_ , 1 , 7 2 8  c u  i n ,  , f t  , , ,cu f t  o f  w a t e r .  .
f ~ d l f f   ̂ c u  f t  } U 2  i n ; 6 2 . 4 1  l b  '  ^ 5 0 . 4 8  f t  o f  p i p e
= Pd i f f ( 0 • 0 4 6 ) „
F lo w  i n  g a l l o n s  p e r  m i n u t e  i s  c o n v e r t e d  t o  v e l o c i t y  (V) i n  f e e t  p e r  s e c o n d  by.'
„  £ , / m i n  . . l i n e a l  f t  o f  4 - i n  s t a n d a r d  p i p e .  .... /rs
V = f l o w  (ttr-------- ) (-------------------- „ i--------------- ) = f l o w  ( 0 . 0 2 5 2 )  ..6 0  s e c  0 . 6 6 1 3  g a l
Once  t h i s  was  d o n e  f o r  e a c h  o f  t h e  
e i g h t  s l u r r y  t e s t s  a n d  t h e  c l e a r  w a t e r  
t e s t ,  t h e  o r d e r e d  p a i r s  (V ,  Hf ) w e r e  s u b ­
j e c t e d  t o  a  l e a s t  s q u a r e s  f i t  a n a l y s i s  
( 7 ) .  A l t h o u g h  a  r a t h e r  s m a l l  n u m b e r  o f
d a t a  p o i n t s  a r e  p r e s e n t — a c o n s t r a i n t  on  
f i t t i n g  a  m a t h e m a t i c a l  m o d e l  w i t h  s e v e r a l  
p a r a m e t e r s — t h e  s h a p e  o f  t h e  d a t a  i m p l i e s  
s o m e t h i n g  o t h e r  t h a n  t h e  u s u a l  s t r a i g h t  
l i n e  f i t .  A s e c o n d - o r d e r  p o l y n o m i a l
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( p a r a b o l a )  s e e m s  t o  p r o v i d e  a n  a d e q u a t e  
r e p r e s e n t a t i o n  o f  t h e  d a t a ;  t h e  o n l y  
a n o m a l y  i s  t h e  " r e v e r s e  c o n c a v i t y "  o f  t h e  
4 0 - p c t  d a t a .  The  p o l y n o m i a l  e q u a t i o n s 6 
w e r e  t h e n  u s e d  i n  g r a p h i n g  t h e  f r i c t i o n -  
p r e s s u r e  g r a d i e n t  v e r s u s  v e l o c i t y  ( f i g .  
1 4 ) c I t  m u s t  b e  k e p t  i n  m in d  t h a t  t h e  
f r i c t i o n —l o s s  d a t a  may b e  low c o m p a r e d  
w i t h  d a t a  f r o m  a  c o n t i n u o u s  f e e d  i n s t a l ­
l a t i o n  o w i n g  t o  t h e  v e r y  l o w  i n v e n t o r y  o f  
s l u r r y  (1 t o  2 m i n ) „ The  h e t e r o g e n e o u s  
c o m p o n e n t  o f  f r i c t i o n  l o s s e s  w o u l d  be  
v e r y  s i g n i f i c a n t  i n  a  s y s t e m  w i t h  a  c o n ­
t i n u o u s  s u p p l y  o f  new f e e d ,  w h e r e a s  i t  
may be  m o s t l y  u n o b s e r v e d  i n  t h e  low i n ­
v e n t o r y  s y s t e m .  N o t e  a l s o  t h a t  t h e s e  
c u r v e s  a r e  v a l i d  f o r  p r o j e c t i n g  f r i c t i o n  
l o s s  o n l y  i n  4 - i n  s t a n d a r d  p i p e .
6 The  a c t u a l  p o l y n o m i a l  f u c t i o n s  a r e  
t a b u l a t e d  i n  a p p e n d i x  C
P a r t i c l e - S i z e  D e g r a d a t i o n
A f t e r  c r u s h i n g  a n d  s c r e e n i n g  o f  t h e  
c o a l  w a s t e  t o  100 p e t  m i n u s  1 /2  i n ,  g r a b  
s a m p l e s  w e r e  c o l l e c t e d  f r o m  e a c h  s t o r ­
a g e  d r u m ,  c o m b i n e d ,  a n d  r e s p l i t .  The 
p a r t i c l e - s i z e  d i s t r i b u t i o n  o f  t h i s  g r a d e d  
m a t e r i a l  i s  sho wn i n  f i g u r e  10* F o l l o w ­
i n g  e a c h  l o o p  t e s t ,  a  s a m p l e  o f  t h e  c o a l  
w a s t e  s u r r y  was  c o l l e c t e d  a t  t h e  p o i n t  o f  
d i s c h a r g e  i n t o  t h e  s e t t l i n g  t a n k .  T h i s  
s a m p l e  was  t h e n  d r i e d  a n d  s c r e e n e d .  The 
a v e r a g e  e l a p s e d  t i m e  b e t w e e n  t h e  a d d i t i o n  
o f  t h e  g r a d e d  w a s t e  t o  t h e  c i r c u l a t i n g  
w a t e r  a n d  c o l l e c t i o n  o f  t h e  s l u r r y  s a m p l e  
was  26 ra in .
When t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  o f  
t h e  s a m p l e  i s  c o m p a r e d  a g a i n s t  t h e  o r i g i ­
n a l  d i s t r i b u t i o n  c u r v e  ( f i g .  1 5 ) ,  t h e  
d e g r a d a t i o n  b e c o m e s  e v i d e n t ,  p a r t i c u l a r l y
1 4
FIGURE 12. - Adding dry w a s t e  to s lur ry mixing tank .
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FIGURE 14. » F r i c t i o n - l o s s  re la t i o n sh ip  for va r ious  w ei ght -percen t  s o l i d s  coa l  w a s t e  s l u r r i e s  
and c le a r  water .
i n  t h e  s m a l l e r  s i z e  r a n g e s .  The  m i n u s  
2 0 0 - m e s h  f r a c t i o n  i n c r e a s e d  f r o m  19 p e t  
t o  34 p e t .
T he  s p e c i f i c  c a u s e  o f  t h e  d e g r a d a t i o n  
i s  d i f f i c u l t  t o  a s c e r t a i n  a n d  i s  l i k e l y  
d u e  t o  a  c o m b i n a t i o n  o f  f a c t o r s ^  W i t h  a n  
a v e r a g e  r e s i d e n c e  t i m e  o f  26 m i n  i n  t h e  
t e s t  l o o p ,  a t  a n  a v e r a g e  p u m p i n g  r a t e  o f  
4 7 0  gpm, t h e  s l u r r y  c i r c u l a t e s  t h r o u g h  
t h e  s y s t e m  a p p r o x i m a t e l y  35 t i m e s .  D u r ­
i n g  e a c h  c i r c u i t  t h e  s l u r r y  p a r t i c l e s  im­
p a c t  t h e  pump i m p e l l e r  a n d  u n d e r g o  a  
r a p i d  c h a n g e  i n  m o m en tu m , c o n t r i b u t i n g  
t o  t h e i r  b r e a k d o w n .  A f t e r  35 c i r c u i t s  
t h r o u g h  t h e  l o o p ,  t h e  s l u r r y  h a s  a c t u a l l y  
t r a v e l e d  5.„400 f t  a n d  b e e n  s u b j e c t  t o  t h e
r e s u l t a n t  f r i c t i o n a l  s t r e s s e s .  O t h e r
f a c t o r s  i n c l u d e  t h e  a c t i o n  o f  t h e  p a d d l e  
m i x i n g  b l a d e s  i n  t h e  h o l d i n g  t a n k  a n d  t h e  
s l a k i n g  a c t i o n  o f  t h e  w a t e r  on  t h e  c o a l  
w a s t e .  The  e x t e n t  t o  w h i c h  e a c h  o f  t h e s e  
i n d i v i d u a l  f a c t o r s  c o n t r i b u t e s  t o  t h e  
o v e r a l l  d e g r a d a t i o n  c o u l d  n o t  be  d e t e r ­
m i n e d  i n  t h i s  l i m i t e d  t e s t i n g ,
SETTLING TESTS
T h i s  s t u d y  i s  p a r t  o f  a n  o v e r a l l  p r o ­
g r a m  t o  d e v e l o p  a  v i a b l e  m e t h o d  f o r  h y ­
d r a u l i c  u n d e r g r o u n d  d i s p o s a l  o f  c o a l  
w a s t e .  E a r l i e r  t e s t i n g  (3_, &) on  s e ­
l e c t e d  s a m p l e s  s h o w e d  t h a t  m o s t  c o a l  
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FIGURE 15. - Particle-size distribution, graded versus slurried waste.
m inus 200-m esh m a t e r ia l  and ten d  to  be 
t h i x o t r o p i c  i n  n a tu r e  and d i f f i c u l t  to  
d e w a te r . I t  i s  c o n s id e re d  d e s i r a b le ,  i f  
n o t e s s e n t i a l ,  t h a t  any  c o a l  w a s te  u sed  
a s  h y d r a u l ic  b a c k f i l l  be c a p a b le  o f  b e in g  
d e w a te re d . Such m a t e r ia l  w ould  e x h ib i t  
im p ro ved  s t r u c t u r a l  su p p o rt  c h a r a c t e r i s ­
t i c s ,  a l lo w  r e c i r c u l a t i o n  o f  th e  t r a n s ­
p o r t  w a te r  and o ccu p y  l e s s  s p a c e , and 
w o u ld  n o t be s u b je c t  to  c a t a s t r o p h ic  r e ­
le a s e  in t o  a c t i v e  m ine w o rk in g s . S in c e  
th e  c o a l  w a s te  u se d  i n  t h i s  s tu d y  was 19 
p e t m inus 200 m esh , a d e w a te r in g  p ro b lem  
was a n t i c ip a t e d .
To a d d re s s  t h i s  p ro b le m , s e v e r a l  t e c h ­
n iq u e s  w ere  c o n s id e re d , in c lu d in g  h o r i ­
z o n t a l  b la n k e t  sand  d r a in s ,  v e r t i c a l  
w ic k s  o f p o rou s f a b r i c ,  p o ro u s b u lk h e a d s , 
d e p o s it io n  o f th e  s l u r r i e d  w a ste  on a 
s lo p e ,  th e  u se  o f  f l o c c u l a n t s ,  and v a r i ­
ous c o m b in a t io n s  o f  th e s e  m eth o d s . The 
m ethods w ere  t e s t e d  by c o n s t r u c t in g  a
2 -  by 2 - by 4 0 - f t - lo n g  ta n k  ( f i g .  16) 
w it h  bottom  and end d r a in s .  The s lo p e  o f 
th e  ta n k  c o u ld  be v a r ie d  by b lo c k in g  up 
one en d .
F o l lo w in g  e a ch  lo o p  t e s t ,  che c o a l 
w a s te  s l u r r y  was d is c h a rg e d  in t o  one end 
o f th e  t a n k .  S in c e  th e  w e ig h t - p e ic e n t  
s o l id s  v a r ie d  w it h  each  lo o p  t e s t ,  i t  was 
n o t p o s s ib le  to  t r y  e a ch  d e w a te r in g  te c h ­
n iq u e  a t  s e v e r a l  d i f f e r e n t  s o l id s  l e v e l s .  
H ow ever, th e  fo l lo w in g  ta n k  and d r a in  
c o n f ig u r a t io n s  w ere  t e s t e d :
1 . T a n k , 
i n t e r v a l s .
l e v e l ;  bo ttom  d r a in s  a t  1 0 -f t
2 . T a n k , l e v e l ;  2 - in  h o r i z o n t a l  sand 
la y e r  on bottom  o f t a n k ; bottom  d r a in s , .
3 . T a n k , 2 - p c t  s lo p e ; 
¿t f a r  e n d ; end d r a in .
po rous b u lkh e ad
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FIGURE 16. ■ Settling tank.
4 . T a n k , 2 - p c t  s lo p e ;  b u lk h e a d ; 2 - in  
sand  l a y e r ;  bo ttom  and end d r a in s .
5 . T a n k , 2 - p c t  s lo p e ;  v e r t i c a l  f a b r i c  
w ic k s ;  b u lk h e a d ; end d r a in .
6 . T a n k , l e v e l ;  a d d it io n  o f f lo c c u la n t  
a t  p o in t  o f d is c h a rg e  in t o  t a n k ; bottom  
d r a in s .
7 . T a n k , 3 - p c t  s lo p e ; f l o c c u la n t ;  
b u lk h e a d ; end d r a in .
8 . T a n k , 3 - p c t  s lo p e ; f l o c c u la n t ;  
b u lk h e a d ; 2 - in  sand  l a y e r ;  bottom  and end 
d r a in s .
E a ch  change in  th e  ta n k  c o n f ig u r a t io n  was 
an  a tte m p t to  im p ro ve  th e  d ra in a g e  c h a r ­
a c t e r i s t i c s  o f  th e  c o a l  w a s te  s l u r r y .
R e s u l t s  in d ic a t e  t h a t  w ith o u t  th e  use  
o f  f l o c c u la n t  ( t a n k  c o n f ig u r a t io n s  1 
th ro u g h  5 ) ,  th e  m a t e r ia l  w ould  n o t dewa­
t e r  when l e f t  to  s ta n d  f o r  1 w e e k . I t  i s
b e l ie v e d  th a t  b l in d in g  o f th e  sand  d r a in s  
and p o ro u s f a b r i c  by m inus 200-m esh m ate­
r i a l  p re v e n te d  m ig ra t io n  o f  th e  w a t e r .
In  th e  t e s t s  u s in g  f l o c c u la n t ,  a m odi­
f i e d  p ro ce d u re  was u s e d . P r io r  to  th e  
lo o p  t e s t ,  a 1 0 -g a l b a tc h  o f 1 p e t Cyan­
am id S u p e r f lo e  1202 was p re p a re d . T h is  
a n io n ic  f lo c c u la n t  was th e n  k e p t c i r c u ­
l a t i n g  in  a s m a l l  drum by means o f a g e a r 
pump. F o llo w in g  th e  loo p  t e s t ,  l im e  was 
added to  th e  c i r c u l a t i n g  s l u r r y  a t  th e  
r a t e  o f  2 w t- p c t  o f d ry  c o a l  w a ste  s o l ­
i d s ,  to  r a i s e  th e  pH o f th e  m a t e r ia l  to  
a p p ro x im a te ly  10. A f t e r  5 m in w ere a l ­
low ed f o r  th e  l im e  to  m ix , th e  s l u r r y  was 
d is c h a rg e d  in t o  a m ix in g  w e l l  a t  th e  end 
o f th e  4 0 - f t  t a n k . The p r e v io u s ly  d i ­
lu t e d  f lo c c u la n t  was in t ro d u c e d  a t  t h i s  
p o in t  a l s o ,  a t  th e  r a t e  o f  0 .1  w t- p c t  o f 
d ry  c o a l  w a ste  s o l i d s .  As soon as th e  
two s tre a m s c o n ta c te d  e a ch  o t h e r ,  w e l l -  
d e f in e d  f lo e s  o f c o a l  w a s te  w ere p ro ­
d u ced . These  flo w e d  o v e r a w e ir  in t o  th e  
m ain p o r t io n  o f th e  t a n k .
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R e s u lt s  o f th e  s e t t l i n g  t e s t s  u s in g  
f lo c c u la n t  in d ic a t e  t h a t  up to  30 p e t o f 
th e  w a te r  was r e le a s e d  a f t e r  th e  f lo c c u ­
l a n t  was added to  th e  c o a l w a ste  s l u r r y .  
T h is  w a te r  q u ic k ly  d ra in e d  o v e r  the  
s u r f a c e  and th ro u g h  th e  b u lkh e ad  ( t a n k  
c o n f ig u r a t io n s  7 and 8 ) . The re m a in in g  
w a s te  was t h i x o t r o p i c ,  h o w e ve r, and co u ld  
n o t be t e s te d  f o r  s h e a r  s t r e n g t h . I t  
w ould  no t p ro v id e  s t r u c t u r a l  su p p o rt to
m ine w o rk in g s  i f  used  as b a c k f i l l , .  F u r ­
t h e r  te s t in g ^  to  in c lu d e  pH c o n d it io n in g , 
f lo c c u la n t  ty p e  and d o se , and m ix in g  
m eth o d s , co u ld  r e f in e  t h i s  d e w a te r in g  
te c h n iq u e  to  th e  p o in t  t h a t  th e  c o a l 
w a s te  w ould be s u i t a b le  fo r  m ine b ack­
f i l l .  Such a t e s t  program  i s  c u r r e n t l y  
i n  p ro g re s s  a t  th e  B u re a u 's  T u s c a lo o s a  
(A L )  R e se a rc h  C e n te r ( 1 1 ) .
CONCLUSIONS
The r e s u l t s  o f  th e  in v e s t ig a t io n  as 
re p o r te d  h e re  a re  based  on a l im i t e d  
t e s t  program  u s in g  o n ly  one sam ple  o f a 
W e ste rn  c o a l w a s te . W astes from  o th e r  
s o u r c e s ,  w h ich  w ould  v a ry  in  c la y  con­
t e n t ,  p a r t i c l e - s i z e  d i s t r i b u t io n ,  m in e r­
a lo g y , e t c . , w ould  l i k e l y  e x h ib i t  d i f f e r ­
e n t  s l u r r y  t r a n s p o r t  and d e p o s it io n  
p r o p e r t ie s , .  The d a ta  w ere  o b ta in e d  w h i le  
s i g n i f i c a n t  d e g ra d a t io n  was o c c u r r in g , 
w h ic h  more th a n  l i k e l y  a f f e c t e d  th e  f r i c ­
t io n  lo s s  and s e t t l i n g  t e s t  r e s u l t s „ In  
co m m e rc ia l s y s te m s , th e  s l u r r y  w i l l  p a ss  
th ro u g h  th e  pumping sy s te m  o n ly  o n ce , so 
th e  r e c i r c u l a t i n g  t e s t  lo o p  d a ta  can  g iv e  
m is le a d in g  r e s u l t s .  Note a ls o  t h a t  th e  
f r i c t io n - p r e s s u r e  g r a d ie n t  d a ta  a re  based 
on 4 - in  s ta n d a rd  s t e e l  p ip e , and th a t  
f ig u r e s  f o r  o th e r  p ip e  s i z e s  w ould v a r y .  
W ith  th e s e  r e s t r a i n t s  in  m in d , th e  f o l ­
lo w in g  c o n c lu s io n s  may be d raw n :
1 . C o a l w a ste  s l u r r i e s  c o n ta in in g  25 
to  60 w t- p c t  s o l id s  may be pumped u s in g  
c o n v e n t io n a l p ip e  s y s te m s .
2 . P a r t i c l e - s i z e  d e g ra d a t io n  d u r in g  
pumping i s  s i g n i f i c a n t  and i s  a c o n t r ib ­
u t in g  f a c t o r  to  th e  poor d e w a te r in g  c h a r ­
a c t e r i s t i c s  o f th e  d e p o s ite d  s l u r r y .
3,. None o f th e  s l u r r i e s  t e s te d  w ould 
d e w a te r w ith o u t  th e  u se  o f f l o c c u la n t .  
W ith  f l o c c u la n t ,  a d d it io n a l  w a te r  was r e ­
le a s e d  as th e  s l u r r y  was d e p o s ite d , but 
th e  s l u r r y  rem ain ed  t h i x o t r o p i c „
4 . R e fin e m e n t o f th e  t e s t  p ro ce d u re  
w ould  make th e  sy s te m  more r e p r e s e n t a t iv e  
o f a co m m e rc ia l o p e r a t io n . T h is  w ould 
in c lu d e  l im i t in g  th e  amount o f r e c i r c u l a ­
t io n  o f s l u r r y ,  d e te rm in in g  d e p o s it io n  o f 
c o a rs e  s o l id s  and s l i p  i n  th e  loo p  (e s p e ­
c i a l l y  a t  low  v e l o c i t i e s ) , shutdow n and 
r e s t a r t  t e s t in g ,  c a l i b r a t in g  in s t ru m e n ts  
on s l u r r y ,  r e c a l i b r a t in g  th e  sy s te m  ( i n ­
c lu d in g  p ip e  ro u g h n e ss ) d i r e c t l y  a f t e r  
t e s t in g ,  and n o t d ry in g  th e  s o l id s  and 
th e n  r e s l u r r y in g .
5 . A d d it io n a l  t e s t in g ,  u s in g  sam p les 
o f  c o a l  w a ste  from  o th e r  m ines and geo­
g r a p h ic  r e g io n s , i s  n e c e s s a ry  to  c o n f irm  
th e  s l u r r y  t r a n s p o r t  d a ta  g e n e ra te d  in  
t h i s  w o rk .
6 . F u r t h e r  w ork needs to  be done on 
th e  p lacem en t o f s l u r r i e d  c o a l w a s te . 
T h is  co u ld  in c lu d e  r e f i n in g  o f f lo c c u la n t  
u se  and in c o r p o r a t io n  o f  m e c h a n ic a l dewa­
t e r in g  a id s^
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APPENDIX A .— E F F E C T IV E  LENGTH TEST
The a c t u a l  le n g th  o f th e  p ip e  lo o p  i s  
1 5 3 .2 5  f t .  H ow ever, th e  p ip e  loo p  con­
t a in s  th re e  90° e lb ow s and two t e e s .  
A lth o u g h  e m p i r i c a l  m ethods e x i s t  f o r  
t r a n s p o s in g  th e  e lb o w s and te e s  to  e q u i­
v a le n t  le n g th s  o f  s t r a ig h t  p ip e , i t  was 
d e c id e d  to  d e te rm in e  th e  e f f e c t i v e  le n g th  
e x p e r im e n t a l l y ,
The a c t u a l  p ro c e d u re  i s  q u it e  s im p le . 
Two s w it c h in g  v a lv e s  a re  p la c e d  in  th e  
d i f f e r e n t i a l  p re s s u r e  l i n e s ,  one o f w h ich  
ca n  be tu rn e d  to  e i t h e r  th e  d i f f e r e n t i a l  
h ig h  s id e  o r th e  pump d is c h a rg e  p iezom ­
e t e r s ,  th e  o th e r  to  th e  d i f f e r e n t i a l  low  
s id e  o r a s p e c i a l  p ie z o m e te r  lo c a t e d  j u s t
ahead o f th e  m ix in g  t a n k .  U s in g  c l e a r  
w a te r  a t  20° C „ th e  head lo s s  i s  m easured  
f i r s t  a c ro s s  th e  n o rm a l d i f f e r e n t i a l  p ie ­
zo m e te rs ,. The s w it c h in g  v a lv e s  a re  th en  
tu rn e d  to  th e  pump and ta n k  d is c h a rg e  
p ie z o m e te rs , and head lo s s  i s  m easured  
a g a in , T h is  p ro ce d u re  i s  re p e a te d  a t  
s e v e r a l  f lo w  r a t e s ,  and th e  r a t io s  be­
tw een  th e  two m easurem ents a re  a v e ra g e d . 
The a v e ra g e  i s  th e n  m u l t ip l ie d  by th e  
known d i f f e r e n t i a l  d i s t a n c e ,  th u s  g iv in g  
th e  t o t a l  e f f e c t i v e  le n g th  o f th e  p ip e  
lo o p . F o r th e  t e s t  lo o p , t h i s  f ig u r e  i s
1 8 8 .5  f t .  D ata  and c a l c u la t io n s  a re  
shown in  t a b le  A - l . .
TABLE A - l , — T o t a l  e f f e c t i v e  le n g th  d a ta
R e ad in g
Head l o s s ,  p s i Head lo s s  
r a t i o , 1 H l/LOA c ro s s  5 0 ,4 8 - f t  s t r a ig h t  
s e c t io n  (LO )
A c ro s s  t o t a l  
lo o p  (H I )
1 2 .0 4 7 .5 0 3 .6 8
2 1 . 66 6 .0 6 3 .6 5
3 1 .2 9 4 .6 3 3 .5 9
4 .9 5 3 .4 3 3 .6 1
5 .6 8 2 .4 0 3 .5 3
6 .6 9 2 .4 5 3 .5 5
7 .8 3 3 .0 4 3 .6 6
8 .9 8 3 .6 4 3 .7 1
9 1 .1 9 4 .3 2 3 .6 3
10 1 .4 5 5 .3 7 3 .7 0
11 1 .7 4 6 .4 4 3 .7 0
12 2 .0 0 7 .3 6 3o 68
13 2 .2 3 8 .2 5 3 „70
'A v e ra g e  r a t i o  i s  3^65:
3 .6 5  (5 0 .4 8  f t )  = 1 8 4 .2 5 - f i  e f f e c t i v e  le n g th  betw een p ie z o m e te rs .
1 .2 1  f t  betw een pump and p ie z o m e te r .
3 .0 4  f t  betw een ta n k  and p ie z o m e te r .
1 8 8 .5 0  f t .
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APPENDIX B . — COAL WASTE SLURRY AND CLEAR WATER TES T  DATA
The fo l lo w in g  t a b le s  c o n ta in  d a ta  from  
th e  e ig h t  s l u r r y  t e s t s  and a t y p i c a l  
c l e a r  w a te r  c a l i b r a t i o n  t e s t .  F lo w , sp e ­
c i f i c  g r a v i t y  (s p  g r ) , power consump­
t io n ,  and th e  t h r e e  p r e s s u r e s — d is c h a rg e  
(P < j) , s u c t io n  ( P s ) ,  and d i f f e r e n t i a l
( P d I f  f ) — r e p re s e n t  th e  a c t u a l  c h a r t  r e ­
c o rd in g  in d ic a t io n s  in  in c h e s  m u l t ip l ie d  
by th e  a p p r o p r ia te  c h a r t  s c a l in g  f a c t o r .  
V e lo c i t y ,  w e ig h t - p e rc e n t  s o l id s . ,  head 
l o s s ,  and d ry  to n s  p e r h o u r a re  th e n  c a l ­
c u la t e d  from  th e s e  b a s ic  d a ta -
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TABLE B-l. - Slurry test data
Read­
in g
T im e , 1 
rain : se c
F lo w ,
gpm
V e lo c ­
i t y  ; 
f  ps
Sp gr
S o l id s , 





Pd1f f > ^
p s i
Head 






SLURRY TEST 1- -25 w t-p c t  (NOMINAL) SOLIDS
1 10:45 544 13.71 1,16 26 . 3 18 .6 1.5 3 . 22 0 . 1 4 8 4 1 . 6 15.3
2 12:00 523 13.18 1.16 26 . 3 19 .4 1.5 3 . 06 .141 4 0 . 0 15 .0
3 13:00 520 13. 10 1.16 26 . 3 19 .6 1.5 3 . 06 . 141 39 . 8 14.8
4 14:00 474 11.94 1.15 24 . 9 20 . 8 1.6 2 . 52 .116 34 . 0 14.0
5 14:45 406 10.23 1 . 16 26 . 3 23 . 0 1.8 2 . 24 .103 31 . 0 13 .2
6 16:00 346 8 . 7 2 1.16 26 . 3 24 . 6 1.8 1.85 .085 26 . 5 12.0
7 17: 00 301 7 . 5 9 1.15 24 . 9 25 . 5 1.8 1.66 .076 21 . 6 11.2
8 17:45 256 6 . 4 5 1.14 23 . 4 26 . 4 1.8 1.41 .065 17.1 10.4
9 18:30 214 5 . 39 1.12 20 . 5 27 . 1 1.8 1.31 .060 12.3 9 . 6
10 19:45 551 13.89 1.15 24 . 9 18 .4 1.5 3 . 20 .146 39 . 5 15.2
SLURRY TEST 2- -30  w t-p c t (NOMINAL) SOLIDS
1 11:30 514 12. 95 1.20 31 . 8 18 .6 0 . 9 3 . 53 0 . 161 49 . 1 15 .5
2 13.45 514 12. 95 1.19 30 . 5 18.7 .9 3 . 46 . 158 46 . 7 15.6
3 14:45 514 12.95 1.19 30 . 5 18 .8 1.0 3 . 42 .157 46 . 7 15.4
4 16. 00 499 12.57 1.19 30 . 5 19 .2 1.0 3 . 26 . 149 45 . 3 14.9
5 17:00 452 11.39 1.19 30 . 5 20 . 6 1 .2 2 . 88 . 132 4 1 . 0 14 .0
6 18:00 400 10.08 1. 18 29 . 1 22 . 2 1.2 2 . 53 .116 34 . 4 13 .2
7 19:00 366 9 . 2 2 1 ,18 29.1 23 . 2 1 .2 2 . 32 . 106 31 . 5 12.7
8 19:45 326 8 . 2 2 1.18 29 . 1 24 . 2 1 .2 2 . 12 .097 28 . 0 11.9
9 21 : 00 285 7 . 18 1.17 27 . 7 25.1 1.2 1.85 .085 23 . 2 11.1
10 22 : 00 242 6 . 10 1.16 26 . 3 26 . 2 1.2 1.61 . 074 18.5 10.2
11 22 : 45 199 5 . 01 1.14 23 . 4 26 . 7 1.2 1.67 .076 13 . 3 9 . 4
12 24 : 00 159 4 . 01 1,12 20 . 5 27 . 0 1-3 1.43 . 066 9 . 1 8 . 3
13 25 : 00 0 .00 1.08 14.1 NA NA .00 .000 . 0 7 . 7
14 27 : 00 534 13.47 1.18 29.1 NA NA 3. 22 .147 45 . 9 15.2
SLURRY TEST 3- -35  w t-p c t (NOMINAL) SOLIDS
1 11:30 530 13.35 1.25 38 . 2 21 . 8 1.4 4 . 30 0 . 196 63 . 3 13 .8
2 12:30 528 13.31 1.25 38 . 2 21 . 9 1.5 4 . 19 .192 63 . 1 13 .8
3 13:30 530 13.35 1.24 37 . 0 21 . 9 1.5 4 . 1 8 . 191 60 . 8 13.8
4 14:00 530 13.35 1.24 3 7 . 0 21 . 9 1.4 4 . 17 . 190 60 . 8 13 .8
5 1-5:00 515 12.98 1.24 37 . 0 22 . 4 1.5 3 . 98 . 182 59.1 13 .3
6 16:00 490 12.34 1.24 37 . 0 23 . 0 1. 6 3 . 74 . 171 56 . 2 13.0
7 16:30 451 11.37 1.24 37 . 0 24 . 2 1.7 3.46 . 158 51.7 12.5
8 18:00 387 9 . 76 1.24 37 . 0 25 . 7 1.8 3 . 06 .140 44 . 4 11.8
9 19: 00 342 8 . 6 3 1.23 35 . 7 26 . 6 1.8 2 . 82 . 129 37 . 6 10.9
10 20 : 00 298 7 . 5 0 1.22 34 . 4 27 . 2 1.7 2 . 59 .119 31 . 3 10.2
11 21 : 00 253 6 . 37 1.21 33 . 1 27 . 8 1.7 2 . 45 .112 25 . 4 9 . 3
12 22 : 30 558 14.07 1.23 35 . 7 21 . 4 1.4 4 . 1 3 . 189 61 . 3 13 . 6
SLURRY TEST 4- -40  w t-p c t  (NOMINAL) SOLIDS
1 10:00 477 12.02 1.27 4 0 . 6 20.1 1.3 3 . 95 0 . 181 61 . 5 16 .8
2 11:30 477 12.02 1.27 4 0 . 6 20 .1 1.3 3 . 87 .177 61 . 5 16.7
3 13:00 484 12.20 1.26 39 . 4 20 .1 1.4 3 . 83 .175 60 . 1 16.5
4 14:30 476 12. 00 1.26 39 . 4 20 , 2 1.6 3 . 78 .173 59 . 1 16.2
5 15:30 454 11.44 1.25 38 . 2 21 . 0 1.7 3 . 56 . 163 54 . 2 15.5
6 17:00 429 10.81 1.25 38 . 2 21 . 9 1.8 3 . 40 .155 51 . 2 15 .0
7 17:45 383 9 . 6 5 1.25 38 . 2 23 . 2 1.9 3 . 06 . 140 4 5 . 8 14 .2
8 19:00 324 8 . 1 6 1.25 38 . 2 NA 1.8 2 . 76 . 126 38.7 13 ,0
9 20 : 15 266 6 . 7 0 1.23 35 . 7 NA 1.8 2 . 48 .113 29 . 2 11.9
10 21 : 00 224 5 . 64 1.22 34 . 4 NA 1.8 2 . 43 .111 23 . 5 10.7
11 22 : 00 0 .00 NA NA NA NA „00 .000 .0 8 . 1
See e x p la n a to ry  n o tes  a t  end o f t a b le .
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TABLE B-l- - Slurry test data—Continued
Read­
in g
T im e , '  
min : se c
F lo w , 
gpm
V e lo c­
i t y ,  
f  ps
Sp gr
S o l id s , 





Pd 1 f f >̂
p s i
Head






SLURRY TEST 5- -45 w t-p c t (NOMINAL) SOLIDS
1 15:00 518 13.05 1.31 45 . 2 22 . 6 1.2 4 . 6 0 0 . 210 76.7 15.3
2 16:15 506 12.75 1.31 4 5 . 2 22 . 9 1.2 4 . 5 0 . 206 75 . 0 15.1
3 17:00 509 12.83 1.31 4 5 . 2 23 . 0 1.2 4 . 4 2 . 202 75 . 4 15.1
4 17:45 512 12.90 1.31 45 . 2 22 . 9 1.2 4 . 3 8 . 200 75 . 8 15.0
5 18:45 507 12.78 1.31 4 5 . 2 22 . 9 1.2 4 . 35 .199 75.1 14.9
6 19: 30 490 12.35 1.30 44 . 1 23 . 2 1.2 4 . 21 . 193 70 . 2 14.8
7 20 : 15 464 11.69 1.30 44 . 1 24 . 0 1.3 3 . 93 . 180 66 . 5 14.6
8 21 : 00 416 10.48 1.30 44 . 1 25 .1 1.4 3 . 68 . 168 59 . 6 13.5
9 23 : 00 381 9 . 6 0 1.31 45 . 2 25 . 9 1.4 3 . 43 .157 56 . 4 12.8
10 24 : 00 346 8 . 7 2 1.30 44 . 1 26 . 6 1. 5 3 . 16 . 144 49 . 6 12.2
11 24 : 45 307 7 . 74 1.30 44 . 1 27 . 2 1.4 3 . 06 . 140 44 . 0 11.4
12 25 : 30 262 6 . 6 0 1.28 4 1 . 8 27 . 8 1.3 3 . 01 .138 35 . 1 10.6
13 27 : 00 547 13. 78 1.30 44 . 1 22 . 4 1.1 4 . 3 4 .199 78 . 4 15.2
SLURRY TEST 6- -50  w t-p c t (NOMINAL) SOLIDS
1 14: 30 490 12.34 1.35 49 . 5 23 . 4 1.8 4 . 89 0 . 224 82 . 0 14.8
2 15:45 493 12.42 1.35 49 . 5 23 . 6 1.8 4 . 79 .219 82 . 5 14.5
3 16:45 496 12. 50 1.35 4 9 . 5 23 . 6 1.8 4 . 78 . 218 83 . 0 14.5
4 18: 00 486 12.26 1.34 4 8 . 4 23 . 8 1.8 4 . 67 .213 79 . 0 14.3
5 19:15 462 11.65 1.34 4 8 . 4 24 . 5 1.9 4 . 41 .201 75.1 13 .8
6 20 : 15 430 10.83 1.34 4 8 . 4 25 . 5 2 . 0 4 . 1 8 .191 69 . 9 13 .4
7 22 : 00 379 9 . 56 1.34 4 8 . 4 26 . 8 2.1 3 . 89 . 178 61 . 6 12.6
8 23 : 00 337 8 . 4 8 1.34 4 8 . 4 27 . 8 2 . 1 3 . 72 . 170 54 . 8 11.9
9 24 : 45 304 7 . 66 1.33 4 7 . 4 28 . 3 2 . 0 3.57 . 163 47 . 9 11.4
10 25 : 30 451 11.37 1.33 47 . 4 25 . 2 2 . 0 4 . 07 . 186 71 . 1 13.3
11 26 : 30 527 13.29 1.33 4 7 . 4 23 . 1 1.8 4 . 68 .214 83.1 14.2
SLURRY TEST 7- -55 w t-p c t (NOMINAL) SOLIDS
1 15: 30 465 11.71 1.41 55 . 5 24 . 6 1.8 5 . 65 0 . 258 91 . 1 17.3
2 17: 00 465 11.71 1.40 54 . 5 24 . 9 2.  1 5 . 55 .254 88 . 9 17.2
3 18:00 466 11.75 1.40 54 . 5 24 . 8 2 . 1 5.51 .252 89 . 1 17 .0
4 19:15 461 11.61 1.40 54 . 5 25 .1 2 . 2 5 . 32 .243 88 . 1 16.9
5 20 : 30 441 11.10 1.39 53 . 6 25 . 8 2 . 2 5 . 13 .235 82 . 2 16.4
6 22 : 00 414 10.44 1.39 53 . 6 26 . 3 2 . 2 4 . 8 2 .221 77 . 2 15.8
7 23 : 45 375 9 . 44 1.39 53 . 6 27 . 4 2 . 2 4 . 59 .210 69 . 9 15.2
8 24 : 45 333 8 . 4 0 1.39 53 . 6 28 . 2 2 . 1 4 . 43 .203 62 . 1 14.3
9 26 : 00 292 7 . 35 1.38 52 . 6 28 . 7 2 . 1 4 . 1 8 .191 53 . 0 13 .0
10 28 : 00 518 13.06 1.38 52 . 6 24 . 5 1.8 5 . 23 .239 94.1 17.2
SLURRY TEST 8- -60  w t-p c t (NOMINAL) SOLIDS
1 13: 00 477 12. 02 1.46 60 . 1 25 . 2 1.4 5. 57 0 . 255 104.8 17.4
2 14:45 477 12. 02 1.46 60.1 25 . 4 1 .8 5 . 46 .2 5 0 104.8 17.3
3 15:45 483 12.16 1.46 60 . 1 25 . 3 1.9 5 . 36 .245 106.2 17.3
4 16:45 480 12.10 1.46 60 . 1 25 . 5 2 . 0 5 . 30 .243 105.5 17.1
5 18:00 452 11.38 1.46 60 . 1 26 . 2 2 . 4 5 . 00 .229 99 . 4 16.4
6 19: 00 410 10.32 1.46 60 . 1 27 . 4 2 . 5 4 . 8 0 .219 90 . 1 15.8
7 20 : 00 369 9 . 29 1. 46 60 . 1 28 . 4 2 . 7 4 . 54 .207 81.1 15 .0
8 21 : 15 324 8 . 1 5 1.46 60.1 29 . 4 2 . 7 4 . 40 .201 71 . 2 14.0
9 22 : 15 283 7 . 14 1.45 59 . 2 30 . 0 2 . 6 4 . 30 .196 60 . 9 13 .2
10 23 : 30 228 5 . 74 1 .44 58 . 3 30 . 5 2 , 4 4 . 40 .201 47 . 9 11.9
11 25 : 00 511 12.89 1.44 58 . 3 25 . 1 1.9 5.09 .233 107.4 16.9
NA Not a v a i l a b le „
1 E la p se d  from  b e g in n in g  o f t e s t .
2A c ro ss  5 0 .4 8 - f t  s t r a ig h t  p ip e  s e c t io n ., 
3F e e t o f w a te r  p e r fo o t o f p ip e .
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TABLE B-2. - Clear water test data
R ead in g T i m e , 1 
m in :s e c
F lo w , 
g pm






Pd i f f » ^
p s i
Head l o s s 3 P o w er, kw
1 1 : 0 0 626 1 5 . 78 1 8 . 0 0 . 6 3 . 4 2 0 . 1 5 6 1 1 . 2
2 1 : 45 618 15 . 57 1 8 , 4 . 7 3 . 3 1 151 11 . 1
3 2 : 4 5 618 15 . 57 1 8 . 2 . 6 3 . 3 1 o 152 1 1 . 0
4 3 : 3 0 615 1 5 . 50 1 8 . 2 . 6 3 . 3 1 . 151 1 1 . 0
5 4 : 1 5 598 15 . 07 1 8 . 7 . 8 3 . 1 5 . 1 4 4 1 1 . 0
6 5 : 1 5 573 1 4 . 44 1 9 . 3 . 8 2 . 9 2 .133 10 . 7
7 6 : 1 5 531 1 3 . 3 8 2 0 . 2 . 9 2 . 5 0 . 1 1 4 1 0 . 3
8 7 : 0 0 482 1 2 . 1 5 2 1 . 2 1 . 1 2 . 0 7 . 0 9 5 1 0 . 0
9 8 : 0 0 428 10 . 79 2 2 . 3 1 . 2 1 . 67 . 0 7 6 9 . 4
10 9 : 1 5 378 9 . 5 3 2 3 . 2 1 . 3 1 . 31 . 0 6 0 9 . 0
11 10 : 15 330 8 . 3 2 2 3 . 8 1 . 4 1 . 01 . 046 8 . 5
12 1 1 : 0 0 270 6 . 8 0 2 4 . 9 1 . 4 . 71 = 033 7 . 9
13 1 1 : 45 197 4 . 9 6 2 5 . 7 1 . 5 . 46 . 021 7 . 4
14 1 2 : 3 0 160 4 . 0 3 2 6 . 2 1 . 6 . 28 . 013 6 . 8
15 1 3 : 30 108 2 . 7 2 2 6 . 5 1 . 6 . 13 . 006 6 . 4
16 1 4 : 3 0 64 1 . 61 2 6 . 6 1 . 6 . 05 . 0 0 2 6 . 0
17 1 5 : 15 30 . 76 2 6 . 6 1 . 7 . 00 . 0 0 0 5 . 8
18 1 6 : 0 0 11 . 28 2 6 . 8 1 . 8 . 0 0 . 0 0 0 5 . 7
19 1 7 : 15 2 . 05 2 6 . 8 1 . 8 . 00 . 0 0 0 5 . 6
20 1 8 : 30 625 1 5 . 75 1 8 . 0 . 6 3 . 3 8 . 155 1 1 . 0
'E la p s e d  from  b e g in n in g  o f  t e s t .
2A c ro s s  5 0 . 4 8 - f t  s t r a ig h t  p ip e  s e c t io n .  
3F e e t  o f w a te r  p e r  f o o t  o f p ip e .
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APPENDIX C . — FR IC TIO N -PRESSU RE GRADIENT POLYNOMIAL FUNCTIONS
In  th e  fo l lo w in g  t a b le  a re  th e  p o ly n o ­
m ia l  e q u a t io n s  f o r  u se  in  d e te rm in in g  th e  
f r i c t io n - p r e s s u r e  g r a d ie n t  ( H f , i n  f e e t  
o f  w a te r  p e r f o o t  o f p ip e )  from  v e l o c i t y  
(V ,  i n  f e e t  p e r  s e c o n d ) , A d i f f e r e n t  
e q u a t io n  e x i s t s  f o r  e a ch  w e ig h t- p e rc e n t
c o a l w a s te  s o l id s  l e v e l  and f o r  c l e a r  wa­
t e r ,  I t  m ust be k e p t  i n  mind t h a t  th e se  
e q u a t io n s  a re  v a l i d  f o r  p r o je c t in g  f r i c ­
t io n  lo s s  o n l y  i n  4 - in  s ta n d a rd  s t e e l  
p ip e .
TA BLE C-1» -  F r i c t i o n - l o s s  p o ly n o m ia l e q u a t io n s
N om inal c o a l- w a s te  
s o l i d s ,  w t - p c t
P o ly n o m ia l e q u a t io n In d e x 5
Hf = 5*00 X 10"2 - 1.60 X 10"3 (V ) + 6.38 >; 10-4 ( V 2 ) 0.994
Hf = 7.48 X 10“3 + 1.14 X 10-2 ( V ) - 1.58 X 10" 6 ( V 2 ) .979
Hf = 1,28 X 10- ' - 8-82 X 10"3 ( V ) + 1,02 X 10'3 ( V 2 ) .99540................ Hf = 2.80 X 10“3 + 1.92 X 10-2 ( V ) - 4.26 X 10-4 ( V 2 ) .984
45................ Hf = 1.84 X 10- ' - 1.61 X 10"2 (V ) + 1.36 X 10"3 ( V 2 ) .988
50................ Hf = 2.24 X 10-' - 1-93 X 10-2 (V ) + 1.51 X 10"3 ( V 2 ) .995
Hf = 3.21 X 10" ' - 3.66 X 10~2 ( V ) + 2.62 X 10“3 ( V 2 ) .972
60................ Hf = 2.98 X 10" 1 - 2.85 X 10“2 (V ) + 2.01 X 10'3 ( V 2 ) .964
C le a r  w a t e r ................................ Hf = 5.04 X 10~4 + 1.07 X 10“3 (V ) + 5.61 X 10"4 ( V 2 ) 1.000
'T h e  in d e x  o f d e te r m in a t io n , d e f in e d  as
1 = 1 -  Z ( y ' ~ y ~ ) 2 - 
£ ( y i  -  y ) 2
I f  th e  model b e in g  te s te d  i s  l i n e a r ,  T h is  in d e x  i s  u s e f u l  in  t h a t  i t  can be
th e  in d e x  o f d e te rm in a t io n  i s  e q u iv a le n t  used to  compare g o o d n e s s - o f - f i t  o f  non-
to  e i t h e r  th e  c o r r e la t io n  c o e f f i c i e n t  o r l i n e a r  m o d e ls . The in d e x  ran g e s  fro m  0
th e  m u lt ip le  c o r r e la t io n  c o e f f i c i e n t .  to  1 , w ith  1 b e in g  a p e r f e c t  f i t .
¿ • U . S .  G O V E R N M E N T  P R I N T I N G  O F F I C E :  1 9 8 3 - 7 0 5 - 0 2 0 / 8 8
INT.-BU.OF MINES,PGH.,P A. 27I85
